In the majority of instances human beings or lower animals that have recovered from a virus infection are free from further molestation by the same agent. This immunity may endure throughout an individual's life. Vaccinations with attenuated viruses that are still active have also been shown to induce protection. In certain cases, e.g., vaccination against smallpox, such measures regularly produce a mild infection. Because of objections that have been brought against the production of disease, even though mild, by vaccination, many attempts have been made in the past to obtain serviceable amounts of protection with vaccines that cause no evidences of disease. The results of this type of work have led to differences of opinion regarding tests of complete inactivation of viruses and the antlgenicity of such inactivated materials. It is not surprising that much of the work has been conducted with the virus of vaccinia. The reports which are pertinent to the present investigation will be scrutinized in some detail because of the very great practical possibilities inherent in successful methods of immunizing against the viruses.
III. RESPONSE OF RABBITS TO INACTIVE ELEMENTARY BODIES OF
VACCINIA
(From the Hospital of The Rockefeller Institute for Medical Research)
(Received for publication, September 26, 1935) In the majority of instances human beings or lower animals that have recovered from a virus infection are free from further molestation by the same agent. This immunity may endure throughout an individual's life. Vaccinations with attenuated viruses that are still active have also been shown to induce protection. In certain cases, e.g., vaccination against smallpox, such measures regularly produce a mild infection. Because of objections that have been brought against the production of disease, even though mild, by vaccination, many attempts have been made in the past to obtain serviceable amounts of protection with vaccines that cause no evidences of disease. The results of this type of work have led to differences of opinion regarding tests of complete inactivation of viruses and the antlgenicity of such inactivated materials. It is not surprising that much of the work has been conducted with the virus of vaccinia. The reports which are pertinent to the present investigation will be scrutinized in some detail because of the very great practical possibilities inherent in successful methods of immunizing against the viruses.
A number of investigators (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) have relied on the action of heat to inactivate vaccine virus, while others (26) (27) (28) (29) employed chemical agents such as methylene blue, bile, and chloroform. Inasmuch as our experiments deal with the antigenicity of formalin-treated vaccine virus and virus-free extracts of vaccine virus, we shall call attention only to the reports dealing with results of work in this field.
Hunt and Falk (1) allowed vaccine virus to remain in contact with 0.1 per cent formalin for 12 hours and cutaneous inoculation of the material in rabbits did not produce lesions of vaccinia. Subcutaneous injections of large amounts of t h e treated virus were made in rabbits and the animals treated in this manner were
69

7O
VACCINAL ~N I T Y found to be immune. Gordon (2) found that the immunity following injections of virus suspension rendered noninfectious by the addition of 1 per cent phenol was less than that produced by injections of heat-killed vaccine. Both kinds of treated virus were shown to be inactive by dermal inoculations in rabbits. Kraus (18) added 0.5 per cent phenol and 0.3 per cent formalin to different portions of vaccine virus and then tested them by means of application on the scarified skin of a rabbit to determine whether inactivation was complete. He found that monkeys and rabbits receiving the treated virus were partially and completely immune, respectively. Bussel and Mayzner (19) added 0.1 per cent formaldehyde to vaccine virus, and held the mixture at 37°C. for 6 weeks. Tests for the presence of active virus were not mentioned. They report that children receiving the material subcutaneously were partially immune, while those who were injected intracutaneously had unusually severe reactions to subsequent vaccinations with active virus. In rabbits, Bland (20) obtained irregular results with vaccine virus inactivated by the addition of 0.1 per cent formaldehyde or 1 per cent phenol. In guinea pigs, however, he was able regularly to induce immunity with similar materials. He tested for the presence of active virus by subcutaneous inoculations of some of the material in a guinea pig followed by 2 serial passages. Biglieri (21) was unable to demonstrate an immunity in rabbits that had received formolized (0.3 per cent) virus. However, preparations inactivated by phenol (1 per cent) or ether induced immunity. Presumably, by cutaneous inoculation in rabbits, the preparations were shown to contain no active virus. In the case of phenol and ether, a long period of time was required to accomplish inactivation. Iwanoff (22) used calf lymph to which had been added various amounts of formaldehyde. Complete inactivation of the material was demonstrated by corneal inoculations in guinea pigs. Varying degrees of immunity were obtained in rabbits and guinea pigs by injections of the treated virus. Gastinel, ReiUy, and Mortier (17) added 0.2 per cent of formol to vaccine virus. Failure of an eruption to appear after inoculation of such material on the skin of a rabbit was taken to indicate inactivation of the virus. Rabbits inoculated 7 times at intervals of 5 days with the treated virus were still entirely susceptible to cutaneous inoculations with active virus, although serum taken from the animals after the injections was capable of neutralizing large amounts of virus. Hilgers (23) exposed vaccine virus to the action of 0.3 per cent formalin at 37°C. for 5 days. Such material failed to infect the cornea of a rabbit and did not produce a testicular reaction. Rabbits injected subcutaneously with the treated virus either once or several times were later tested by dermal inoculation of potent virus. In one experiment most of the animals were found resistant to inoculation of active virus; in most of the animals of other experiments the course of the vaccinal infection was only slightly modified. Hilgers considers that the virus treated in this way retains some of its antigenicity, but that its immunizing action is too irregular to be relied upon for general use.
Kramer (24) passed testicular vaccine virus through specially prepared basic filters which he had previously shown to hold back vaccine virus. He does not mention tests for the presence of active virus in the filtrates. Rabbits were inoculated with the filtrates, and if more than 7 daily injections were made, resistance to potent virus resulted. Recently, Salaman (25) used Seitz filtrates of dermal vaccine virus and found that a partial immunity developed in rabbits as a result of several injections. He states that only the filtrates proved to be free from active virus by cutaneous inoculations of guinea pigs were used for immunization.
It is obvious that the reports of results obtained with "inactive" vaccine virus are conflicting, and in the light of our present knowledge of viruses it is doubtful whether such reports are of value to one attempting to solve the problem of the antigenicity of these agents in an inactive state. In almost all cases, emulsions of infected tissues have served as the source of the vaccine virus. In such a menstruum the virucidal action of heat and chemical agents is irregular, because protein and cellular detritus present in a tissue emulsion serve as protective substances for the virus. Furthermore, the degree of heat employed, or concentration of chemical agents added has usually been only slightly, if at all greater than the minimum requirement for inactivation of the virus as determined in other experiments. Moreover, in the instances in which tests of the treated material for the presence of active virus have been described, such tests have consisted of the inoculation of only a small portion of the emulsions in guinea pigs or rabbits, whereas for purposes of immunization large amounts of the materials were used. Such a procedure, therefore, can hardly be accepted as a conclusive demonstration of the absence of small amounts of active virus from the emulsions used for immunization. Finally, according to published reports, few or no precautions were taken to prevent the accidental transmission of vaccinia to the experimental animals from others frankly infected with the malady and housed in proximity to them. That such transmission occurs readily has been shown by previous workers (30) , and may take place even when careful attempts are made to prevent it, as will appear later in the present report.
Recent work (31, 32) on the purification of the elementary bodies of vaccinia has made possible an accurate study, under properly controlled conditions, of the response to these bodies in an inactive state. It is with this problem that the present paper deals. That vaccine virus is intimately associated with these bodies is shown by the fact that suspensions of them are highly infectious (32) .
Methods and Materials
Virus.--The manner in which suspensions of relatively pure elementary bodies of vaccinia were obtained for the experiments has been described in detail in a previous communication (32) . At this time it is sufficient to state that such preparations contain practically nothing but elementary bodies in a state of dispersion compatible with an even and regular inactivation by heat or formalin.
Inactivation of Virus.--The elementary bodies were inactivated either by formaldehyde or heat. Experience led us to use formalin and to test for the presence of active virus in treated materials in the following manner. To large quantities of elementary body suspensions sufficient formalin was added to make the final concentration of formaldehyde 0.3 per cent. The mixture of elementary bodies and formalin was allowed to remain in a refrigerator for 10 days. Then 10 cc. were removed, and the elementary bodies after sedimentation in an angle centrifuge were resuspended in 1 cc. of Locke's solution and injected into the testicle of a rabbit. 4 days later the testicle was removed, and an emulsion was prepared, 1 co. of which was injected into the testicle of another rabbit. 4 days later another testicular passage was made. None of the rabbits evidenced signs of a vaccinal infection and when tested for immunity to vaccinia some weeks later were found to be fully susceptible. Another 10 cc. portion of the treated elementary bodies were handled in a manner similar to that described above with the exception that the testicular passages were made at 6 day intervals instead of 4. From these rabbits also no evidence of the presence of active vaccine virus in the treated material was found. Thus 20 co. of the formalin-treated suspension of elementary bodies were tested for the presence of active virus. In none of the experiments on immunity to be described were more than 18 cc. of this material injected into a rabbit. Consequently a greater amount was tested each time than was used for immunization of a rabbit. In some experiments the elementary bodies were concentrated and then enough formaldehyde was added to make a final concentration of 10 per cent. After standing in the ice box 10 days the material underwent a tenfold dilution before being used. Other preparations of elementary bodies were inactivated by heat. To accomplish this, the desired amount of material was sealed in large ampoules which were then immersed in boiling water for 2 hours.
Soluble Antigens.--The method by which virus-free extracts of tissues containing soluble antigens were prepared has also been described in a previous paper (32) . The extracts of vaccinal infected tissue, either dermal or testicular, were freed fromvirus by filtration through collodion membranest which had an average pore diameter of 103.0 ~t. These filtrates were then tested for presence of active virus in the manner described above and found to contain none. They did contain the soluble antigens however, as demonstrated by means of the precipitin reaction.
x The membranes were prepared by Dr. J. H. Bauer of the Yellow Fever Laboratory of the International Health Division, Rockefeller Foundation.
Anlmals.--Healthy, full grown rabbits were used in all of the experiments. Housing of Animals.--In order to avoid the accidental transmission of vaccinia to rabbits used in the experiments, animals were kept during the period of immunization in a separate room not previously used for work on vaccinia, and rigid precautions were taken to prevent the introduction of active virus into this room. After immunization and just prior to the inoculation with active virus for the purpose of testing their resistance, the animals were transferred to a room used for work on vaccinia.
Injections.--As a rule a 6 weeks course of injections was given, the rabbits being inoculated intraperitoneally on 2 successive days of each week with increasing amounts of material, v/z., 0.25, 0.50, 1.0, 2.0, 2.5, and 3.0 cc.
Controls.--To control the technic of isolation, and to test the effect of heterolognus antigens, certain rabbits were given no injections, while others were inoculated with typhoid vaccine or with meat infusion broth.
Tests for the Presence of Antibodies in the Sera.--Samples of serum were collected from each rabbit at different times in order to test for the development of agglutinins, preeipitins, and neutralizing antibodies. The method of conducting the agglutinin and precipitin reactions has already been described (31, 32) . Neutralization tests were carried out in the following manner. A virus suspension was prepared by grinding with alundum the testicles of a rabbit inoculated 4 days previously with vaccine virus. 20 cc. of Locke's solution were added; the resulting emulsion was centrifuged at 1500 ~.P.~. for 10 minutes; the supernatant liquid, designated as "undiluted virus suspension," was removed with a pipette and saved. Serial tenfold dilutions of the virus emulsion were prepared, and 0.30 co. of each were mixed with an equal volume of the serum to be tested. After incubation at room temperature for 1 hour or longer, 0.25 cc. of each mixture were inoculated intradermally in a rabbit. In order to avoid the individual variations in suscepti-• bility of rabbits to vaccinal infections, in so far as possible all samples of serum from one experimental animal were tested on a single rabbit at the same time. By this means, consistent results in regard to changes in the neutralizing capacity of the serum of each animal were obtained.
Tests of Resistance to Vaccinia.--After completion of a course of injections and
collections of serum, the degree of immunity of each rabbit was tested by the dermal and intradermal inoculation of tenfold dilutions of vaccine virus and by the intratesticular injection of 1 co. of a 1:1000 dilution of the active agent. 3 strains of virus were used. The first had been carried for some time in culture and was of relatively low pathogenicity for the rabbit; the second was a testicular strain, highly virulent; the third was the strain used in preparing the elementary body suspensions, and Was used in the form of a suspension of active elementary bodies. These strains of virus are designated as "culture," "BH," and "C.L.," respectively.
EXPERIMENTAL
It has been reported by Craigie (33) , who worked under properly controlled conditions, that agglutinins, precipitins, and complementfixing antibodies appeared in the blood of rabbits after inoculation with elementary bodies o~ vaccinia inactivated by formaldehyde or heat. We have extended this work to include a study of the response of rabbits to inactive elementary bodies as evidenced by the neutralizing capacity of their sera and resistance to infection with active virus. It has also been shown (31) that extracts of vaccinal infected tissues contain soluble substances reacting specifically with antivaccinal serum. We have studied the antigenicity of such extracts after removal of active virus from them by filtration through collodion m e m b r a n e s .
In investigations concerning the response of animals to inoculation with noninfectious preparations of vaccine virus, it is desirable that suspensions of the active agent be as free as possible from other particulate or soluble materials in order that the action of virucidal agents may be regular and uniform. Furthermore, it is desirable that the virus in the preparations be susceptible of concentration, in order that a representative sample may be tested for activity of the treated agent. A suspension of elementary bodies of vaccinia satisfies these requirements. Soluble materials and particulate matter different from the elementary bodies can be removed by repeated washing in dilute buffer and differential centrifugation, and the virus in the final preparations can be concentrated to any desired extent by means of the angle centrifuge. Moreover, in such investigations care must be taken that rabbits do not become accidentally infected with vaccinia. Consequently, throughout this work proper isolation precautions were observed.
Experiment 1
Before undertaking extensive studies to determine the response of rabbits to injections of noninfectious formolized elementary bodies of vaccinia and to virus-free extracts of dermal vaccine virus, it seemed best to carry out one or two orientation experiments.
inactivated by the addition of 0.3 per cent formaldehyde, and two received injections of an extract of dermal vaccine virus freed from active virus by filtration through collodion membranes. Inoculations were made weekly over a period of 6 weeks. 15 cc. of material were given each animal. At first, injections were made intravenously, but, after the third administration of the filtrate, one of the rabbits died in convulsions within a few minutes. The remaining rabbits, therefore, were subsequently injected intraperitoneally. Blood was taken again from each animal 1 week after the last injection, and the rabbits were tested for im-
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C.L. The results of the experiment are summarized in Table I . None of the rabbits possessed agglutinins or precipitins for vaccine virus prior to the inoculations. Afterward, these antibodies were present in all. The titer of agglutinins ranged from 1:8 to 1:32; that of precipitins from 1 : 2 to 1 : 16. Neutralization experiments were carried out only on samples of serum obtained after completion of the course of re-peated inoculations. The pooled sera of the 2 rabbits inoculated with inactive elementary bodies neutralized l0 s to 104 infectious units of virus, while the serum of the animals that received virus-free extracts neutralized from 1 to l0 s units. Although these tests were done on different rabbits at different times and the neutralization titers are not comparable, yet it is evident that the sera were capable of neutralizing moderate amounts of active virus. It is noteworthy that the animals inoculated with inactive elementary bodies possessed more humoral antibodies than did the one that received the virusfree filtrate. When tested for resistance to vaccinia by means of intradermal inoculations of active elementary bodies, the treated and control rabbits responded in a similar manner with the exception that the former developed considerable edema at the sites of inoculations shortly after the injections were made. The edema disappeared within 48 to 72 hours, after which the lesions and the titers of the virus in all of the animals were not strikingly different.
Experiment 2
In the previous experiment it was shown that agglutinating, precipitating, and virus-neutralizing antibodies appeared in the serum of rabbits inoculated repeatedly with small doses of preparations of noninfectious elementary bodies, while resistance to infection with a strong virus was not appreciably altered. I t then seemed advisable to learn whether a single inoculation of a large quantity of inactive virus would be more effective.
In order to give at one time a quantity of virus similar to that previously used in repeated doses, it was desirable to reduce the volume in which it was contained. This was done as follows: A suspension of elementary bodies was prepared in the usual manner to which 0.3 per cent of formaldehyde was added. Mter remaining in contact with the formaldehyde for 2 weeks the elementary bodies were sedimented in the angle centrifuge and taken up in a small amount of Locke's solution. Each 1.5 cc. of the concentrated material represented the amount of virus contained in 20 cc. of the original preparation, while the concentration of formaldehyde was greatly reduced. Samples of serum were taken from two rabbits and then each animal received 1.5 cc. of the concentrated inactive virus, 0.5 cc. intradermally and 1.0 cc. intratesticularly. In neither animal did local reactions and fever occur. 2 weeks later blood was taken again for the study of humoral antibodies, after Which tests for resistance to culture and BH viruses were conducted.
The results of the above experiment are set forth in Table II . Before treatment the rabbits possessed no demonstrable humoral antibodies for vaccine virus. Afterwards, however, agglutinin and precipitin titers were 1:256 and 1:2 or zero, respectively, and the sera neutralized 1 infectious dose of virus. Control and treated rabbits responded in the same manner to inoculations of B H and culture viruses. Samples of serum collected from the treated and control animals after the test for resistance to active virus neutralized 106 infectious doses of virus and possessed agglutinin titers of 1:512 to 1 : 1024 and precipitin titers of 1 : 1 to 1 : 32. It is interesting to note that there was a marked difference between the precipitin titers, 1 : 16 -1:32, of serum from previously treated rabbits and the titers, 1:1-1:4, of serum from the controls that had not had any inoculations prior to the injections of active virus. This fact seems to indicate that some change had occurred in the rabbits as a consequence of the inoculation of inactive elementary bodies although it was not evident in the tests for resistance to infection with active virus.
From the results of this experiment it is obvious that the administration of the inactive virus in 1 large dose is no more effective than repeated injections of small doses. In fact, in view of the results obtained in subsequent experiments it appears that the former method is less effective than the latter.
Experiment 3
Since it appeared from the results of the experiments just described t h a t the rabbits showed a certain amount of response to injections of inactive elementary bodies, we decided to carry out more extensive and better controlled experiments in which the animals after receiving repeated inoculations of inactive elementary bodies or virus-free extracts of dermal vaccine virus were tested for resistance to infection with a weak virus as well as with a very potent one.
10 rabbits were used. Of these, 3 received repeated inoculations of a suspension of elementary bodies inactivated by addition of 0.3 per cent formaldehyde, 3 received virus-free extract of dermal virus, 2 control rabbits were injected with meat infusion broth and 2 with typhoid vaccine. The materials were prepared, and the inoculations were made over a period of 6 weeks as described above under Methods and Materials. 2 weeks after the last set of injections the rabbits were tested for resistance to 2 kinds of active virus administered dermally, intradermally, and intratesticularly. A second inoculation of the potent virus was given 2 weeks later. Each time the treated rabbits were inoculated with active virus, normal control rabbits also received similar inoculations. Serum was collected from each rabbit before treatment and at different times during the experiment for the study of humoral antibodies.
When one examines the results of Experiment 3, summarized in Table III , it is immediately obvious that none of the rabbits possessed humoral antibodies against vaccine virus at the beginning of the experiment and that the repeated injections of meat infusion broth or of typhoid vaccine did not produce antiviral antibodies or resistance to vaccinia in the animals receiving them. The rabbits that were treated with formolized elementary bodies or with virus-free extracts of dermal virus developed fair agglutinin and precipitin titers ranging One of the 3 rabbits that had been treated with inactive elementary bodies showed no evidence of infection when inoculated dermally, intradermally, and intratesticularly with culture virus, an agent of weak pathogenicity for rabbits. Another animal of this group similarly inoculated showed a vaccinal lesion only at the point where the lowest dilution of the culture virus was introduced intradermally. The third animal of the group received dermal, intradermal, and intratesticular inoculations of BtI virus, an agent of strong pathogenicity for the rabbit, and showed only a slight amount of resistance to infection. In fact, it was necessary to compare the lesions in the treated rabbit with those in a control in order to appreciate that the inoculations of inactive elementary bodies had modified the course of the infection.
Of the 3 rabbits treated with virus-free extracts, 2 were tested with active culture virus and 1 with the BH virus and evidenced much less resistance than did those that had been treated with inactive elementary bodies. No lesions occurred at the sites of dermal inoculation of culture virus. Lesions did occur, however, as the result of intratesticular and intradermal injections of the active agent, and one of the animals had fever. Although 103 and 10 ~ dilutions of the virus produced lesions when injected intradermally such lesions were definitely different from those that occurred in controls. The rabbit that was tested with the BH virus showed no evidence of having been benefited by the treatments with virus-free extracts; in fact, it died of the vaccinal infection.
Samples of serum collected from treated and control rabbits 2 weeks after the first inoculations of active virus gave interesting results when tested for humoral antibodies. All of the control animals showed good titers of agglutinins, precipitins, and neutralizing antibodies. Rabbit 0-41 that received active BH virus after treatment with inactive elementary bodies and developed a definite infection, showed a rise in the amount of all humoral antibodies, and animal 0-50 that received active culture virus after treatments with virusfree extracts and developed an infection, also showed a marked rise in its neutralizing antibodies. The other treated rabbits (0-39, 0-40, 0-47) after inoculations of the active culture virus showed either no change or a decrease in the amounts of agglutinins, precipitins, and neutralizing antibodies.
In order to determine whether the findings just described were due to defects in the methods of testing the humoral antibodies or represented a failure of the weak culture virus to enhance a slight amount of immunity already present, the animals were reinoculated with the potent BH virus. The rabbits that had responded to the first inoculations of active virus with evident infections manifested on this occasion a fairly high degree of resistance with lesions only at the sites of inoculation of 1:100 and 1:1000 dilutions of the virus and no increase in their titers of neutralizing antibodies. On the other hand, the treated rabbits, previously refractory to active weak culture virus, developed lesions at the sites of inoculation of 1:100,000 dilutions of the BH virus; necrotic areas appeared in the center of the lesions caused by undiluted virus and that diluted ten times; and there was a sharp rise in the neutralizing titers of the sera. In comparing the neutralization titers of samples of serum from rabbit 0-40 only the bracketed figures should be considered at this time.
When one examines the results (Table III) obtained by inoculating normal rabbits with culture virus and compares them with the ones just described it seems that a weak immunity induced by inactive virus or virus-free material can at times interfere or prevent an enhancement of this slight amount of resistance by means of a weak active agent.
Experiment 4
In order to determine whether an increase in the length of time that the elementary bodies remained in contact with the 0.3 per cent formaldehyde or whether a moderate increase in the concentration of formaldehyde used for inactivation of the virus would yield results different from those obtained in Experiment 3, another experiment was carried out in the following manner. A portion of the elementary body suspension prepared for Experiment 3 was employed; the virus had been in contact with 0.3 per cent formaldehyde for a period of over 3 months. The material was divided into 2 portions. To one of them sufficient formaldehyde was added to increase the final concentration from 0.3 to 1.0 per cent. After a period of i0 days the suspensions were used for the repeated intraperitoneal inoculation of rabbits according to the schedule used in the previous experiment. 2 rabbits were used for each of the preparations of elementary bodies, 2 rabbits received meat infusion broth, and 2 rabbits received no injections. Samples of serum were collected and studied, and the animals were tested twice for immunity to active virus as in Experiment 3.
An examination of the results of the above experiment, summarized in Table IV , reveals t h a t they are similar to those recorded for Experim e n t 3 and indicate t h a t contact of elementary bodies of vaccinia with 0.3 per cent formaldehyde for 3½ m o n t h s or contact with 0.3 per cent formaldehyde for over 3 m o n t h s followed b y contact with 1.0 per cent of it for 10 days does not completely destroy their antigenicity. I n a s m u c h as the results are similar to those of Experiment 3, a detailed discussion of them will be omitted.
Two points of special interest are found in Table IV . 5 of the rabbits, Nos. 2-50, 2-51, 2-52, 2-53, and 4-59, rapidly developed a marked edema, which subsided within 48 to 72 hours, at the sites of the second set of inoculations of active virus. After the disappearance of the edema, the vaccinal lesions seemed to proceed in the usual manner. Inasmuch as antiviral antibodies appeared in its serum during the time that only injections of broth were being administered, it is obvious that rabbit 2-54 became accidentally infected with vaccinia in spite of precautions taken to prevent such an occurrence. Moreover, the high neutralizing titer (105) of the serum of rabbit 2-51 that received elementary bodies inactivated by 0.3 per cent formaldehyde and the relatively good resistance to potent BH virus subsequently evidenced by the animal, lead one to suspect that an accidental infection with active virus also occurred in this rabbit.
Experiment 5
The experiments described above demonstrated t h a t moderate amounts of formaldehyde decrease b u t do not completely destroy the antigenicity of the elementary bodies of vaccinia. I t seemed desirable therefore, to ascertain whether more drastic t r e a t m e n t with formaldehyde or heat is capable of effecting such a destruction. than those previously used, each rabbit received only 12 cc. of material given in 6 doses over a period of 3 weeks. Serum was collected from all the rabbits at the beginning of the experiment and at different times during it. 2 weeks after completion of the series of injections the treated rabbits and normal controls were tested for resistance to active BH and culture viruses. Table V , show that repeated inoculations of elementary bodies that had been boiled or treated with 10 per cent formaldehyde did not induce in rabbits the production of precipitins, neutralizing antibodies, or resistance to active vaccine virus. However, a few agglutinins, titers ranging from 1:2 to 1:32, did appear in the sera of the inoculated rabbits.
The results of Experiment 5, summarized in
Experiment 6
It has been stated (34) that virus-free extracts of testicular vaccine virus although containing substances precipitable by antivaccinal serum, do not induce the production in rabbits of antiviral antibodies. In Experiments 1 and 3, however, we found that animals repeatedly inoculated with virus-free extracts of dermal vaccine virus developed humoral antibodies and in certain instances a slight amount of resistance to infection with vaccinia. Inasmuch as some workers have suggested (34) that the precipitinogen in these extracts is a haptene, it occurr.ed to us that perhaps an incomplete antigen or haptene in the dermal extracts was completed by the foreign protein liberated by the bacteria inevitably present in dermal virus. We tested this idea by using as inocula virus-free extracts containing the precipitinogen or precipitinogens prepared from testicular vaccine virus free from bacterial contaminants, and such extracts to which sterile swine serum had been added. Virus-free extracts of testicular herpes virus plus swine serum were used as control inocula.
An emulsion of testicular vaccine virus was prepared by grinding dried infected testicular tissue with Locke's solution; 100 cc. of fluid were used for each gram of dried material. After centrifugation the emulsion was passed through a Seitz filter and then a collodion membrane. The filtrate was shown to be virus-free. The material was divided into 2 portions. One portion was used for inoculation without further treatment. To the other was added sufficient sterile swine serum to make its concentration 10 per cent. As a control a similar preparation of herpes testicular virus was made to which pig serum was added. 3 rabbits received the vaccine virus extracts alone, 2 the vaccine virus extracts plus swine serum, and 3 the herpes virus extracts plus swine serum. Each rabbit received 12 cc. of material administered intraperitoneally in 6 doses over a period of 3 weeks. Samples of serum were collected at different times for the study of humoral antibodies. 2 weeks after the last inoculations, the animals were tested for resistance to infection with vaccinia, both culture and BH strains of virus being used.
The results of Experiment 6, summarized in serum developed no antivaccinal antibodies, while those that were given extracts of testicular vaccine virus or extracts of testicular vaccine virus plus swine serum only responded with the production of slight amounts--in some instances none--of agglutinins, precipitins, and protective or neutralizing antibodies. Furthermore, it is obvious that the addition of swine serum to the extract of testicular vaccine virus did not make the latter material a better antigen for the stimulation of antivaccinal antibodies. None of the rabbits evidenced, as a result of the repeated inoculations, an appreciable degree of resistance to infection with vaccinia; in fact, 3 of them died. Accurate readings of the reactions were difficult because of the marked spreading of the infection around the sites of inoculation which doubtless occurred in consequence of the rabbits having received large amounts of material containing the "spreading factor" of Duran-Reynals (35) . In Experiments 1 and 3 the rabbits that received inoculations of virus-free extracts of dermal vaccine virus produced more humoral antibodies and evidenced more resistance, even though it was not a great amount, than did the animals in Experiment 6 that were given injections of virus-free extracts of testicular vaccine virus. This discrepancy in the results of the two sets of experiments may be accounted for in two ways. Firstly, in Experiments 1 and 3 each rabbit received 15 and 18 cc. of dermal extracts, respectively, administered in 12 doses over a period of 6 weeks, while in Experiment 6 each rabbit received only 12 cc. of testicular extract administered in 6 doses over a period of 3 weeks. Secondly, according to our findings, the concentration of the precipitable vaccinal substances or antigens in the dermal extracts is greater than in the testicular extracts.
Experiment 7
Having determined that humoral antibodies and a certain amount of resistance to vaccinia can be produced in rabbits by the repeated injection of inactive formolized elementary bodies and virus-free preparations of the precipitable vaccinal antigens, we decided to investigate their persistence for a comparison with the phenomena that follow a frank infection with vaccine virus. To this end the following experiment was carried out.
The rabbits were treated with inactive formolized elementary bodies of vaccinia, virus-free filtrates of dermal vaccine virus, typhoid vaccine, and meat infusion broth in a manner identical with that employed in Experiment 3 with the exception that they were held for 114 days, instead of 14, after the series of inoculations before being tested for resistance to infection with active vaccine virus. 1 rabbit received inactive elementary bodies, 1 virus-free filtrate, 1 typhoid vaccine, and 1 broth. For comparison 2 rabbits were inoculated with active BH virus and held in another room. At the beginning, during, "and at the end of the experiment samples of serum were collected from each rabbit for the estimation of humoral antibodies. From the results of Experiment 7, summarized in Table VII , it is at once apparent that none of the animals possessed humoral antibodies at the beginning of the experiment and that one of the control rabbits, No. 0-65, that received the typhoid vaccine was accidentally infected with active vaccine virus in spite of our efforts to prevent such an occurrence. As a result of repeated injections of inactive elementary bodies and virus-free filtrates, respectively, in rabbits 0-46 and 0-82, considerable amounts of humoral antibodies, more in the former animal than in the latter, were developed, all of which were gradually decreasing in amount when last investigated 114 days after completion of the series of injections. Both of these rabbits when inoculated with active BH and culture viruses seemed fully susceptible to infection. In the control rabbits 2-69 and 2-70 that received the BH virus at the beginning of the experiment, the agglutinins and precipitins, but not the neutralizing antibodies, also gradually decreased in amount during the detention period of 114 days. However, when these rabbits were reinoculatedwith active BH virus, an almost complete resistance to infection was exhibited.
It is obvious that too few rabbits were used in Experiment 7 to warrant definite conclusions. At that time more animals could not be properly housed in our isolation room. Nevertheless, when one examines the results of Experiments 3 and 7, it appears that the slight amount of resistance to vaccinal infection produced in rabbits by repeated injections of inactive elementary bodies or virus-free filtrates of dermal virus tends to disappear rapidly, while that caused by active virus is more enduring.
DISCUSSION
In the study of infectious diseases the importance of an accurate knowledge of the response of animals to the inciting agents in an inactive as well as active state has long been recognized. Such information leads to a better insight into the mechanism of immunity in which multiplicity, lability, and stability of antigens, phenomena of infection, and intimacy, duration, and possibly persistence of infection play important r61es. With this increase of knowledge regarding immunity one may reasonably expect the appearance of opportunities to prevent certain diseases by means of vaccines made of inactive or attenuated agents or to improve methods of vaccination already in use.
As pointed out earlier in the paper many investigations along the lines referred to have been made with vaccine virus, but, as indicated, practically all of the work is subject to criticism for one or more reasons. Recent advances in the knowledge of vaccine virus have made it possible for us to eliminate certain of the sources of error by the use of preparations of highly purified elementary bodies and virusfree extracts of virus-infected tissues containing specific vaccinal antigens. Great care was taken to be as certain as now is possible that no active virus remained in the preparations spoken of as inactive. Furthermore, in view of the ease with which rabbits are accidentally infected with active vaccine virus, rigid isolation precautions were observed. In spite of such precautions, 2 control rabbits and probably 1 test animal were accidentally infected with vaccinia. It is obvious, however, from the results shown in the seven tables that these accidental infections do not invalidate the conclusions we have drawn. Nevertheless, they emphasize the fact that any work of this nature conducted with inactive vaccine virus in the absence of rigid isolation is valueless.
It is apparent from the data presented that the repeated injections in rabbits of large quantities of elementary bodies of vaccinia inactivated by small amounts of formaldehyde (0.3 per cent) led to the appearance in the serum of specific agglutinins, precipitins, and neutralizing antibodies as well as to the development in the animals of a certain degree of resistance to infection with vaccinia. The immunity thus induced was slight and apparently not enduring, and was best demonstrated by the use of a strain of virus of low pathogenicity for the rabbit. A similar but less marked response followed the repeated injections of virus-free extracts of dermal vaccine virus. Furthermore, the inactive elementary bodies and virus-free extracts were less efficient antigens when similar amounts were given in single large doses instead of repeated small ones. Finally, drastic treatment (10 per cent formaldehyde or boiling for 2 hours) almost completely altered or destroyed the antigenicity of elementary bodies.
In a certain number of the rabbits that had received repeated injections of inactive elementary bodies or virus-free extracts (Experi-ment 3) little or no apparent infection resulted from dermal, intradermal, and intratesticular inoculations of active culture virus. Nor was there an appreciable increase in the amount of neutralizing antibodies in the serum of the animals after they had received this active virus. 2 weeks after this test for resistance to infection with culture virus, another test was made with the highly pathogenic BH virus, at which time the rabbits were found still to be moderately susceptible to vaccinia. These results are different from those obtained with normal rabbits in which a good resistance to the BH strain of virus is developed as a result of inoculations of active culture virus. The inhibition phenomenon just described did not occur regularly and the mechanism of its production is not known.
Recently, Craigie (36) has reported that there are at least two antigens in vaccine virus, one labile (L), the other stable (S). According to him, both antigens incite the production of agglutinins and precipitins. Furthermore, he suggests that the L antigen may function in the production of resistance to vaccinal infection. In view of the description of his methods, it is not unlikely that we destroyed all or most of the L antigen in our elementary bodies by the process of inactivation. In any event, our preparations seemed to have caused no infection, and with them we obtained considerable amounts of humoral antibodies, including neutralizing ones, and some resistance to infection. Such results are not surprising because as yet there is no reason (37) to suppose that vaccine virus does not contain protein, and the injection of enough foreign protein into a rabbit should induce the animal to respond in some manner. It remainS to be seen, however, whether with methods of inactivation less drastic than those used by us a truly noninfectious virus can be obtained the repeated injections of which will cause a greater degree 6f resistance to infection.
We found no evidence in our data to suppose that agglutinins and precipitins for vaccine virus are different antibodies. Our results have been interpreted as showing that agglutination and precipitation are due to the same antibody, or, if not, to different antibodies the production of which was not independently stimulated. On the other hand we observed that the agglutinating and precipitating activity of the sera did not necessarily parallel their virus neutralizing properties; a high titer of agglutinins and precipitins was at times associated in the same serum with a slight amount of neutralizing antibodies and vice versa. Furthermore, the presence of considerable amounts of neutralizing antibodies could not be taken as an indication that the animals were protected against infection.
If our elementary bodies were really inactive---there is no reason to suppose that they were not--, then the neutralizing antibodies resulting from the repeated injections of them into rabbits could not have been induced by an antigen produced by the hosts as a result of a vaccinal infection (38) . One might suppose that such an antigen, having arisen in the animals from which the elementary bodies were obtained, had not been completely removed from the elementary bodies by repeated washing and was still operative. All one can say to such a suggestion is that the virus-free filtrates of the material from which the elementary bodies were obtained and which should have contained large quantities of the hypothetical antigen engendered by the host as a result of infection were considerably less effective in inciting the production of neutralizing antibodies than were the washed elementary bodies.
Although the results of our experiments show that a certain amount of resistance to vaccinia, probably not enduring, can be secured in rabbits by the use of inactive elementary bodies, there is still no reason to suppose that the use of such materials is suitable for the protection of human beings against smallpox. Each rabbit that developed resistance to vaccinia received all of the elementary bodies, suspended in 12 to 18 cc. of fluid, that were obtained from another rabbit infected over a large area of skin (32) . Consequently, if the same amount of inactive elementary bodies per body weight were required to induce the same amount of resistance in man as in the rabbit, several hundred cubic centimeters of a very expensive vaccine would be required. And then we would have no assurance that the vaccinated individuals would be protected against smallpox. It appears that the production of precipitins and agglutinins does not parallel that of neutralizing antibodies and that the mere presence of such antibodies in the serum of a rabbit as the result of injections of inactive elementary bodies does not necessarily indicate that the animal possesses a great degree of resistance to infection with a potent vaccine virus.
The fact that some neutralizing antibodies appeared in the sera of rabbits that had received injections of inactive elementary bodies can be interpreted as indicating that at least not all neutralizing antibodies for vaccine virus are the result of a reaction to an antigen produced by the host in consequence of a vaccinal infection.
No evidence was obtained to show that elementary bodies inactivated by our methods (0.3 per cent formaldehyde) would serve as a suitable vaccine for the protection of human beings against smallpox.
